Pulsed laser operated high rate charging of Fe-doped LiNbO3 crystal for electron emission J. Appl. Phys. 112, 073107 (2012) Formation of nanostructured TiO2 by femtosecond laser irradiation of titanium in O2 J. Appl. Phys. 112, 063108 (2012) Finite element calculations of the time dependent thermal fluxes in the laser-heated diamond anvil cell J. Appl. Phys. 111, 112617 (2012) Additional information on J. Appl. Phys. The dynamics of the gas phase induced by excimer laser ablation of Ge is investigated by analyzing the light emitted by the plume. Space and time-resolved optical spectroscopy measurements indicate the presence of both, neutral (GeI) and ionized (GeII) species. Two populations of neutrals with different velocities, which are related to the neutral atoms directly ejected from the target and those which are produced by recombination of ions, are observed. The velocities of the species remain unchanged for oxygen pressures up to 1 mbar, which suggest that the expansion of the plume occurs without further collisions with the foreign gas in this pressure range. The spectral emission characteristics are consistent with plume dynamics initiated by charged species.
INTRODUCTION
Laser ablation has been successfully applied to grow a great variety of materials in thin film configuration.lU3 Many efforts have been made to deposit complex oxide materials like high T, superconductors4T5 and ferroelectric fihns6 The structure and composition of the laser deposited films depend on, among other experimental parameters, the laser fluence and wavelength7 and the background pressure.s It has been suggested that the whole deposition process is highly influenced by the dynamics of the species which are present in the plume formed by laser ablation of solid targets. Several diagnostic methods like time of flight,'-" resonance ionization,'2'13 optical emission'P16 laser induced fluorescence'7'18 and resonant absorption" have been used to study the ablation induced plume.
In ablation experiments using oxidized targets like YBaCuO, oxide molecules in the plume were found which were either directly ejected from the target surface or formed by reactions in the gas phase.20 In addition, the nature and velocity of the species was very sensitive to the presence of a foreign gas. 20-22 These features indicate the existence of collision processes in the plume which lead to the formation of oxide molecules and therefore seem to improve the deposition of stoichiometric films."3 In a separate work,24 we have shown that Ge oxide films can be grown by ablating a pure Ge target in an oxygen atmosphere. Since the presence of oxide compounds directly ejected from the target is ruled out in this case, the use of such a nonpreoxidated target may allow us to analyze whether the oxidation reaction occurs in the gas phase or at the substrate.
The aim of this work is to study the dynamics of the plume induced by laser ablation of a Ge target in an oxygen background pressure. We will analyze the light emitted by the plume in real time with space and spectral resolution in order to determine both the nature of the species and their velocity as they move ahead from the target surface. It will be shown that the plume is mainly initiated by charged species and that the velocity of both ions and neutrals does not depend on the oxygen pressure.
EXPERIMENT
The experimental setup is similar to that previously used for deposition of GeO, thin films which is described in detail elsewhere.24V25 An ArF excimer laser [193 nm, 12 ns full width half maximum (FWHM)] is focused at normal incidence on a rotating Ge target (99,999%). The laser repetition rate is 10 Hz and the energy at the target site is 0.03 J which yields to a fluence of 10 J/cm2 when integrating the energy density profile at an intensity of 0; 1 of its maximum value.25 The experiments are performed both in vacuum (1.5X lo-* mbar) and in an oxygen pressure ranging from 10m4 to 10 mbar. This way we cover the pressure conditions which we have used previously to grow GeO, thin films up to the stoichiometric value (x=2) .24
The light emitted by the plume is imaged onto the entrance slit of a SPEX spectrometer (wavelength resolution 0.05 nm) by means of a lens and two mirrors resulting in a magnification of X4. One of the mirrors is set in a translation stage, allowing a well-controlled scan of the plume image across the entrance slit of the spectrometer. The tinal spatial resolution in the plume analysis is 160 pm. A photomultiplier ( 15 ns rise time) is connected to a boxcar averager (Stanford SR250) for spectrum recording or to a fast 7912 AD Tektronix digitizer for transient emission measurements. The wavelength interval between 200 and 340 nm (where several emission bands of GeO molecules have been reported)26 was scanned, but no bands or lines which could be straightforwardly related to these molecules were found. In order to avoid second order contributions, we used glass optics and focused the present study to the 400 -650 nm spectral range.
As we reported in Ref. 25, a diffraction effect at the edge of the target surface allows us to determine precisely the target surface position. This will be the spatial origin for the space resolved emission measurements. The time at which the laser pulse reaches its maximum is taken as the temporal origin for the real time measurements.
RESULTS
The emission spectrum of the plume formed during laser ablation of a Ge target consists of several lines superimposed on an intense continuum. The continuum emission dissapears when moving 0.5 mm away from the target surface. At shorter distances its contribution to the spectrum is ruled out by delaying the boxcar gate around 75 ns after the maximum of the laser pulse. Figure 1 shows the emission spectrum of the Ge plume recorded in vacuum ( 1.5 X 10v5 mbar) under these experimental conditions. The spectrum, recorded in an oxygen atmosphere up to 1 mbar, presents similar features. Most of the emission lines are identified according to standard tabulation27y28 and come from transitions involving neutral Ge (Gel) as well as single ionized Ge atoms (GeII) . However, some of the lines could not be attributed to any known Ge transition. The existence of nontabulated lines in. the recorded emission spectra during laser ablation of group IV elements has been explained by the presence of excited clusters.29 The nontabulated lines are not observed when the experiment is carried out at a lower laser energy density. Table I summarizes the lines identified in the emission spectra, the corresponding transitions, the energy of the upper level, and the lifetime of the excited state taken from Refs. 27,28 and 30.
Each emission line is studied in real time at different distances from the target surface. As it has been already indicated, there is an intense continuum contribution to the transient emission at distances to the target surface shorter than 0.5 mm. Figure 2 shows the time evolution of this continuum emission recorded out of any GeI or GeII lines together with the emission from GeI at il=422.66 nm. The continuum emission intensity, which is stronger as the transient is recorded closer to the target surface, is formed by an intense peak delayed respect to the laser pulse around 6-12 ns and a much less intense and broader one delayed around 600 ns. The emission transient at il=422.66 nm shows clearly that two peaks are contributing to the emission. The less delayed one behaves similarly to that of the continuum emission at this wavelength. The longer delayed (around 100 ns) and broader peak presents a long decay tail and corresponds to the emission due to the 5s'~-4~',So transition of GeI (see Table I ). The real time emission intensity for GeI at L~422.66 nm recorded at different distances to the target surface is plotted in Fig. 3 . It is clearly seen that the less delayed peak (6 -12 ns) which was observed at short distances (see Fig.  2 ) disappears as the distance is increased ( > 0.5 mm). At these larger distances only the peak which corresponds to the transition of GeI above mentioned is observed. Its intensity broadens and its maximum occurs later as we move away from the target surface. The features observed both in the time profiles (Fig. 2) and their evolution as a function of the--distance from the target (Fig. 3) grounds to conclude that the less delayed peak observed in the emission at /2=422.66 nm for short distances is caused by an overlapping of the continuum emission.
The features of the real time emission intensity transients for Se1 taken at A=468.58 nm are qualitatively similar to those described above. For distances to the target surface shorter than 0.5 mm, no emission at this wavelength was observed within the experimental sensitivity.
GeII emission lines present common features which are different from those described for GeI lines. Figure 4 shows the temporal evolution of the emission intensity at /2=589.34 nm at different distances from the target surface. At short distances, the emission consists of a sharp peak delayed respect to the laser pulse around 20 ns followed by a less intense, broader, and long delayed peak. The delay of this second weak peak is slightly dependent on the particular GeII emission line monitorized. A contribution from the continuum may. overlap the sharp peak for short distances but our temporal resolution does not allow us to separate it from the intense peak of GeII. Similarly to the GeI emission, the intensity maximum also occurs later and broadens as the emission is recorded along the plume axis and away from the target surface.
In Fig. 5 , the delay between the laser pulse and the emission intensity maximum for both GeI and GeII species is plotted versus the distance to the target surface. It is clearly seen that the ionized species are present in the plume before the neutral ones since their emission at the target surface is observed 20-30 ns after the laser pulse while that from the neutrals appears 100 ns later. In addition the delay of the emission intensity maximum for ionized species presents a linear behavior as a function of the distance from the target at which the emission transient is recorded. For distances shorter than 0.75 mm, a higher dispersion is observed in the experimental values, which may indicate the existence of either slower moving species or some kind of interactions among the ionized species. The inverse of the slope is the most probable velocity of the species flying along the target normal direction. This velocity, averaged among all the lines corresponding to GeII, is 1.7 X lo6 cm/s, which is similar to the values usually reported for ionized species in other laser ablation experiments.31-More complicated features are found in the velocity corresponding to the GeI species. At il=422.66 nm two velocity components are clearly seen. A fast component is predominant at distances to the target surface shorter than 0.75 mm corresponding to a velocity of 2.9 X lo6 cm/s. At larger distances only a slow component is observed, which corresponds to a velocity of 6.2X lo5 cm/s. The latter value is again in the order of magnitude of those typically reported for neutral species in laser ablation experiments.32 The emission at d=468.58 nm exhibits only the slow component. The influence of the oxygen pressure in the plume dynamics is studied by measuring the delay of the emission intensity at different distances along the plume axis as a function of the oxygen pressure for each identified line. Figure 6 shows the results for GeI (1=422.66 nm) and GeII (/2=589.34 nm) species. There is no change in the delay of the emission maximum when the oxygen pressure is increased up to 1 mbar. Although the results plotted in Fig. 6 correspond to only two of the emission lines, the same behavior is observed for all the lines found in the emission spectrum plotted in Fig. 1 . According to what was discussed from Fig. 5 , the velocity of the emitting species, both neutrals and ionized, remains constant in the presence of an oxygen environment in this wide oxygen pressure range.
DISCUSSION
The results are evidence that then species observed in the laser induced plume of Ge follow a complex dynamics. The observed emission features including the weak influence of the oxygen pressure, the faster velocity, and lower delay emission of the ionized species and the two velocity components in one of the neutral Ge emission lines, are the key to understanding the initial steps of the plume formation.
It has been reported that the irradiation of Ge with an ArF excimer laser induces a large emission of both electrons and ions from the target surface even at laser fluences just below the melting threshold.33 Our results are in agreement with the presence of charged species at the early stages of the plume formation. Taking into account the delay associated with the continuum emission (6-12 ns) and the laser pulse width ( z 12 ns), it can be established that free electrons are able to be excited by absorbing some energy from the laser pulse itself via inverse bremsstrahlung. The intense continuum emission observed in the neighborhood of the target surface is then a consequence of free-free and free-bound electronic recombination.34 These excited electrons would induce the species emission through collisions. The earlier species in the Ge plume have to be mainly charged ones (electrons and ions) in agreement with the lower emission delay time measured for those species. This conclusion is further supported when the lifetime of the excited state (Table I) and the time at which the maximum intensity emission occurs at the target surface (Fig. 5 ) are compared. Both times are similar in the case of ions, whereas the former is shorter than the latter in the case of neutrals.
The evolution of the emission transients for GeI at A=422.66 nm as the emission is recorded ahead of the target surface shows the existence of two populations of neutrals which move at different velocities (Fig. 5) . Several mechanisms for a two component velocity distribution have been proposed. The fast neutral species can be originated either by fast ions that recombine in the neighborhood of the target surface or by atoms directly ejected from the target.31 Since both processes are more likely at short distances, the fast species should dominate the emission near the target surface as we observe experimentally. The analysis of the delay of the emission intensity maximum suggests that the fast neutral population is more likely related to neutrals which are directly ejected from the surface, whereas the slow neutral population is produced from the recombination of ions.
For the emission at /2=468.58 nm (GeI) the lifetime of the excited state (105 ns) is of the same order of magnitude as the full width half maximum of the emission transients ( 120 ns at 0.5 mm). Then GeI species excited to the 5s3fl state are able to travel a measurable distance between excitation and emission, which may justify that no emission at d=468.58 nm could be recorded at distances from the target surface shorter than 0.5 mm.
Finally, the velocity of the species in the plume remains constant up to 1 mbar oxygen pressure, which indicates that the interactions with the foreign atoms in the gas phase should be weak. Moreover there is no evidence of new emission lines when the spectrum is recorded in an oxygen environment which supports further that no new species (i.e., oxides) are formed in the plume.20 Only at oxygen pressures higher than 1 mbar, will the delay of the emission begin to increase, indicating that the dynamics of the plume become more complex.21P22 The laser-generated plasma has been modeled as a high pressure-temperature gas which expands anisotropically in vacuum.35 It has been shown that in the presence of a gaseous background for pressures typically below 1 mbar, the plume expansion is similar to a free expansion in vacuum since the mass of the ablated products is large compared to that of the driven gas. 22*36,37 This condition applies in our case and can account for the nondependence of the species velocity on the oxygen pressure and therefore the absence of reactions in the gas phase. At higher background pressures, shock waves38 are produced and the plume expansion becomes affected by the gaseous background36'39 according to our experimental results (see Fig. 6 ). A comparison of the present results with those reported elsewhere,24 which shows that stoichiometric GeO, films are grown for oxygen pressures higher than lop3 mbar, evidence that the incorporation of oxygen in the Ge oxide films is mainly due to reactions at the substrate.
CONCLUSIONS
The plume induced by irradiating a Ge target in an oxygen environment with an ArF excimer laser is initiated by the emission of charged species (electrons and ions). Two populations of neutrals with different velocities are observed. The fast species, both neutral and ionized, are produced by direct ejection from the target whereas the slower species (neutrals) could be originated by recombination of ions. The velocity of the species is determined by the initial expansion conditions and remains constant under the presence of an oxygen pressure ( < 1 mbar). The expansion of the plume is collisionless with the foreign oxygen atoms or molecules in this pressure regime.
